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We pre5ent a d15tr16uted framew0rk that ena61e5 rea1-t1me 5tream1n9 and v15ua112at10n 0f data 9enerated 6y 1ar9e rem0te 51mu1at10n5. We addre55 155ue5 ar151n9 fr0m d15tr16uted c11ent-5erver env1r0nment5 and 9uarantee 900d para11e1 10ad 6a1anc1n9. We app1y pr09re551ve c0mput1n9 techn14ue5 and para11e1, h1erarch1ca1 data 5tream1n9 techn14ue5 t0 reduce the ••d15tance•• 6etween the 51mu1at10n hardware and the 5y5tem5 where the actua1 v15ua112at10n and ana1y515 0ccur. We pre5ent a 51mp1e and eff1c1ent 10ad 6a1anc1n9 meth0d that 5ca1e5 t0 ar61trary 51mu1at10n 512e5 and d0e5 n0t 1ntr0duce add1t10na1 c0mmun1cat10n c05t. We dem0n5trate the perf0rmance 0f 0ur 5y5tem w1th a m01ecu1ar dynam1c5 c0de and 5h0w 1t5 a6111ty t0 a110w m0n1t0r1n9 0f a11 the t1me-5tep5 0f a 1ar9e 51mu1at10n w1th ne9119161e t1me 0verhead.
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1t 15 0ften the ca5e 1n 1ar9e h19h perf0rmance c0mput1n9 env1r0nment5 that the externa1 5y5tem5, 5upp0rt1n9 app11cat10n5 5uch a5 v15ua112at10n, are 10cated rem0te1y fr0m the c0mputat10na1 h05t. 7he5e 5y5tem5 are ••rem0te•• 1n term5 0f 6andw1dth and 1atency v5. data5et 512e5. A5 the 512e5 0f the data5et5 1ncrea5e, there 15 a c0rre5p0nd1n9 1ncrea5e 1n the rat10 6etween the c0mpute p0wer ava11a61e t0 the 5c1ent1f1c 51mu1at10n (executed 0n a 1ar9e 5uperc0mputer) and the c0mpute p0wer ava11a61e t0 the externa1 5y5tem5. Data tran5fer and c0nver510n 6ec0me a maj0r cau5e 0f de1ay, and the extema1 5y5tem5 6ec0me 1ncrea51n91y ••rem0te••. 7h15 rem0tene55 adver5e1y 1mpact5 the 5teera6111ty 0f a 51mu1at10n.
C0mputat10na1 5teer1n9 1nv01ve5 60th 1n5pect1n9 and 1nterpret1n9 the 5tate 0f an 0n901n9 51mu1at10n and m0d1fy1n9 51mu1at10n parameter5. 1n th15 paper we f0cu5 0n the rea1 t1me a55e55ment 0f the 51mu1at10n re5u1t5, wh1ch enta115 the v15ua112at10n 0f data. 51mu1at10n5 that ena61e the adju5tment 0f parameter5 at run t1me can u5e th15 techn0109Y t0 ach1eve a fu11-f1ed9ed 5teer1n9 5y5tem. A 1ar9e num6er 0f t0015 and 116rar1e5 f0r 11nk1n9 and 5teer1n9 c0mputat10na1 51mu1at10n5 have 6een deve10ped 0ver the year5 [7, 10] . 7he5e 5y5tem5 have matured 1nt0 the m0dem pr061em 501v1n9 env1r0nment5 [9, 14, 1] , wh1ch enc0mpa55 the 51mu1at10n 6u11d1n9 610ck5 a5 we11. 1n 9enera1, the5e 5y5tem5 can 6ec0me 5ca1a6111ty 60tt1eneck5 when mapped 0nt0 1ar9e para11e1 and d15tr16uted mem0ry arch1tecture5.
We pr0p05e a rea1-t1me 5tream1n9 5y5tem 6a5ed 0n a mu1t1-t1ered c11ent-5erver arch1tecture that ena61e5 the rea1-t1me m0n1t0r1n9 0f 1ar9e 5ca1e 51mu1at10n5 0n d15tr16uted mem0ry arch1tecture5. Each c0mpute n0de ut1112e5 a 51mp1e 116rary ca11 t0 5tream data t0 0ne 0r m0re 1ayer5 0f data 5erver5. 0n the c11ent 51de, the5e 5erver5 are 4uer1ed t0 06ta1n rea1-t1me mu1t1re501ut10n Perm15510n t0 make d191ta1 0r hard c0p1e5 0f a11 0r part 0f th15 w0rk f0r per50na1 0r c1a55r00m u5e 15 9ranted w1th0ut fee pr0v1ded that c0p1e5 are n0t made 0r d15tr16uted f0r pr0f1t 0r c0mmerc1a1 advanta9e and that c0p1e5 6ear th15 n0t1ce and the fu11 c1tat10n 0n the f1r5t pa9e. 70 c0py 0therw15e, 0r repu6115h, t0 p05t 0n 5erver5 0r t0 red15tr16ute t0 115t5, re4u1re5 pr10r 5pec1f1c perm15510n and/0r a fee. 
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v15ua112at10n 0f the data. 7he 5tream1n9 5y5tem ha5 the f0110w1n9 pr0pert1e5:
Eff1c1ent. 7he 5y5tem c0mpute5 a fa5t permutat10n 0f the data, re5u1t1n9 1n a 5u65amp11n9 h1erarchy. 7h15 permutat10n 15 perf0rmed 1n-p1ace w1th n0 expen51ve c0n5truct10n 0perat10n5. Cache 0611v10u5. 7he data 1ay0ut f0110w5 the acce55 pattem5 0f typ1ca1 1eve1 0f deta11 v15ua112at10n a190r1thm5 and 1t5 10ca11ty 15 1ndependent 0f the var10u5 5y5tem cache 512e5 (CPU, d15k, etc.). 7heref0re a un14ue data 1ay0ut fac111tate5 h19h perf0rmance 0f the 5y5tem f0r d1fferent cache h1erarch1e5. 5ca1a61e. 7he 5y5tem 15 6u11t 0n the c0ncept 0f 5tream-pr0ce550r5 that can 6e dynam1ca11y rea112ed t0 0pt1ma11y ut1112e ava11a61e c0mputat10na1 and netw0rk re50urce5. Pr09re551ve. Pr09re551ve 5tream5 a110w data 5tream1n9 t0 6e dynam1ca11y ta110red t0 ava11a61e netw0rk re50urce5 and de51red v15ua1 f1de11ty. 7he 5y5tem de5cr16ed here addre55e5 50me fundamenta1 155ue5 ar151n9 fr0m ••rem0te•• c11ent-5erver arch1tecture5 and para11e1 10ad 6a1anc1n9. 1t d0e5 50 u51n9 pr09re551ve c0mput1n9 techn14ue5 [ 15] and para11e1, h1erarch1ca1 data 5tream1n9 techn14ue5 [ 16] . We pre5ent pract1ca1 re5u1t5 06ta1ned 6y c0nnect1n9 0ur 5y5tem w1th JEEP, a c0de that c0mpute5 f1r5t-pr1nc1p1e5 m01ecu1ar dynam1c5 6a5ed 0n the p1ane wave meth0d [5] . We dem0n5trate 0ur a6111ty t0 perf0rm rea1-t1me m0n1t0r1n9 0f a11 the t1me 5tep5 0f a 1ar9e 5c1ent1f1c 51mu1at10n at fu11 re501ut10n w1th ne9119161e 0verhead.
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1n recent year5 there ha5 6een an 1ncrea51n9 f0cu5 0n data tran5p0rt 5cheme5 and mechan15m5 that 0pt1m12e 1nf0rmat10n tran5f0rmat10n 1n an attempt t0 decrea5e the ••rem0tene55•• 0f externa1 5y5tem5. 1n the ca5e 0f t1me-varY1n9 v01ume5, n0ve1 v01ume data enc0d1n9 en5ure5 t1me1y data tran5p0rt t0 9raph1c5 hardware [12] . Mu1t1-t1er cach1n9 5cheme5, wh1ch tran5f0rm and 5t0re data f0r rem0te v15ua112at10n, have 6een deve10ped that ut1112e 10wer-6andw1dth 9raph1c5 pr1m1t1ve5 [3] . Externa1 mem0ry techn14ue5 [2] a110w eff1c1ent acce55 t0 data that d0e5 n0t f1t 1n ma1n mem0ry [13, 16] . H1erarch1ca1 repre5entat10n5 f0r data tran5p0rt have 6een pr0p05ed t0 reduce 6andw1dth re4u1rement5 [6, 11, 8, 181. A c0mm0n re4u1rement 0f 5uch 5cheme5 ha5 6een the c0n5truct10n 0f h1erarch1ca1 data 5tructure5 6ef0re perf0rm1n9 any v15ua112at10n. 1n a rea1-t1me 5tream1n9 1nfra5tructure, th15 expen51ve c0mputat10n 5ta9e cann0t 6e ne91ected a5 0ff-11ne 1ndependent prepr0ce551n9. 7he pre5ent w0rk 06v1ate5 the need f0r 5uch data 5tructure5 6y re0rder1n9 the data 1nt0 a 5u65amp11n9 h1erarchy.
1 Center f0r App11ed 5c1ent1f1c C0mput1n9 (CA5C), LLNL 2 C0rre5p0nd1n9 Auth0r: 925-423-9422 3 7h1rd Un1ver51ty 0f R0me 4 Un1ver51ty 0f Ca11f0rn1a at Dav15 7h15 w0rk wa5 perf0rmed under the au5p1ce5 0f the U.5. Department 0f Ener9y 6y Un1ver51ty 0f Ca11f0rn1a, Lawrence L1verm0re Nat10na1 La60rat0ry under C0ntract W-7405-En9-48.
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7hree d1fferent type5 0f c0mp0nent5 are u5ed t0 c0n5truct the t1ered c11ent-5erver 5tream1n9 arch1tecture: Data 50urce5, Data 5erver5 and Data C11ent5. Data 50urce5 act a5 the data pr0ducer5 1n the 5y5tem. 7yp1ca11y, Data 50urce5 are n0de5 0f a runn1n9 51mu1at10n, 6ut the 5y5tem 5upp0rt5 a1ternate Data 50urce5, 5uch a5 rem0te 5t0ra9e 0r rea1-t1me exper1menta1 data 5tream5. C0up11n9 t0 a 51mu1at10n 15 ach1eved thr0u9h a 51n91e funct10n ca11 1n5erted 1n the 51mu1at10n c0de. 7h15 funct10n 15 typ1ca11y ca11ed after the c0mputat10n 0f each t1me 5tep. At each ca11, we c0nvert the 1nput data5et 1nt0 a pr09re551ve h1erarch1ca1 data 5tream and tran5m1t the 5tream t0 a 5et 0f Data 5erver5.
7he Data 5erver5 c0n5t1tute the centra1 data pr0ce551n9 c0mp0nent 1n the 5y5tem. Each Data 5erver c0mp0nent take5 a data 5tream a5 1nput and act5 a5 a f11ter1n9 and 6uffer1n9 a9ent. A Data 5erver 0utput5 a data 5tream e1ther t0 an0ther Data 5erver 0r t0 a Data C11ent. Data 5erver5 that perf0rm pure data tran5f0rmat10n5 may d0 50 d1rect1y 0n the 5tream, w1th0ut cach1n9. Data 5erver5 are a150 capa61e 0f cach1n9 data and re5p0nd1n9 t0 5pat1a11y 60unded 4uer1e5. We f0cu5 0n a 5pec1f1c Data 5erver, wh1ch act5 a5 a pure data 5t0ra9e c0mp0nent. F19ure 1: 5e4uence 0f 1eve15 0f re501ut10n 0f the h1erarch1ca1 ver510n 0f the 2-0rder 5pace-f1111n9 curve. 1n each 1ma9e f1ne 61ack p01nt5 1n the 6ack9r0und repre5ent the f1ne re501ut10n data. 7he dark 9ray p01nt5 repre5ent the new 5amp1e5 1ntr0duced at the current 1eve1 0f re501ut10n. 7he 119ht 9ray p01nt5 mark the 5amp1e5 1ntr0duced 1n the. prev10u5 1eve15 0fre501ut10n.
part1t10ned am0n95t them t0 take advanta9e 0f mu1t1p1e pr0ce550r5 and para11e1 d15k 1/0 5u65y5tem5.
7he Data C11ent5 act a5 data 5tream 51nk5. 7he Data C11ent pre5ented here 15 a v15ua112at10n t001 that render5 textured cut p1ane5 and perf0rm5 pr09re551ve v01ume render1n9 t0 a 10ca1 d15p1ay. A Data C11ent make5 5pat1a11y 60unded data 4uer1e5 t0 1t5 up5tream Data 5erver5 1n re5p0n5e t0 1nteract1ve u5er re4ue5t5. 7he Data C11ent rece1ve5 the data 5tream5 c0rre5p0nd1n9 t0 the 5amp1e5 5at15fy1n9 the 4uer1e5 and 6u11d5 a pr09re551ve data repre5entat10n. 7he pr09re551ve nature 0f the 5tream repre5entat10n a110w5 1t t0 6e rendered at any t1me, even a5ynchr0n0u51y, w1th re5pect t0 the rece1pt 0f the 1nc0m1n9 5tream.
Key t0 the 5ca1a6111ty 0f the arch1tecture 15 that a11 the 5y5tem c0mp0nent5 are rea112ed a5 d15tr16uted 50ftware ent1t1e5 w1th a fu11y 1nterc0nnected c0mmun1cat10n 1nfra5tructure 6etween each c0mp0nent. A maj0r cha11en9e 1n th15 type 0f arch1tecture 15 t0 en5ure 10ad 6a1anc1n9 thr0u9h0ut the ent1re 5y5tem wh11e ma1nta1n1n9 5ca1a6111ty 0f the 9106a1 c0mmun1cat10n. 7he f0rmat 0f the data 5tream 1t5e1f addre55e5 th15 pr061em. 1mp11c1t 1n the data 0rder1n9 0f the 5tream 15 the para11e1 d15tr16ut10n 1091c, wh1ch a110w5 f0r a5ynchr0n0u5 10ad 6a1anc1n9 w1th0ut 9106a1 c0mmun1cat10n.
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C0n51der a rect111near 9r1d 6 0f 512e 29x29x29. We turn 6 1nt0 a h1erarchy 6y a re0rder1n9 0f 1t5 ;eert1ce5 6a5ed 0n the recur51ve def1n1t10n 0f the 3D 2-0rder 5pace-f1111n9 curve (5ee [17] ). 1n part1cu1ar, the n0de5 at re501ut10n 1 are the n0de5 0f the 9r1d that are 1nterp01ated 6y the 2-0rder 5pace-f1111n9 curve 0f re501ut10n 1 6ut that are n0t 1nterp01ated 6y the 2-0rder curve at re501ut10n 1-1. F19ure 1 5h0w5 th15 c0n5truct10n f0r the 2D ca5e. At each 1eve1 the 5pace f1111n9 curve 15 a1ternate1y ref1ned a10n9 the x and y axe5. F19ure 1(a) 5h0w5 1eve1 0, wh1ch 15 ju5t a (dark 9ray) vertex. F19ure 1(6) 5h0w5 1eve1 1, wh1ch 15 the new vertex marked 1n dark 9ray (the vertex at the prev10u5 1eve1 15 119ht 9ray). At each 1eve1 the num6er 0f new vert1ce5 1ntr0duced 15 e4ua1 t0 the t0ta1 num6er 0f vert1ce5 1n a11 the prev10u5 1eve15 0f re501ut10n. 7h15 data 1ay0ut 15 ca11ed ••cache 0611v10u5•• 51nce the 10ca11ty 0f the mapP1n9 15 1ndependent 0f the 610ck 512e u5ed t0 part1t10n the 1D array.
7he c0nver510n fr0m the 5tandard (1,j,k) 1ndex 0f a r0w maj0r array 0rder 15 perf0rmed 1n three 51mp1e 5tep5 a5 5h0wn 1n [16] . F1r5t, the 61t5 0f the 61nary repre5entat10n 0f 1, j and k are 1nter1eaved t0 f0rm the 5tandard 2-0rder 1ndex 16 2(1,j,k) ). (1) unf0rtunate1y, wh11e the mapp1n9 fr0m (1,j,k) t0 16 15 very eff1c1ent, the 1nver5e mapp1n9 fr0m 1~ t0 (1,j,k) 15 510w and cann0t 6e u5ed d1rect1y 1n the 1nner 100p5 0f a c0mputat10n. c0n5e4uent1y, the prepr0ce551n9 that re0rder5 the data can 1ntr0duce 519n1f1cant de1ay5 6ef0re 0ne can acce55 the data eff1c1ent1y. 1n the next 5ect10n, we 5h0w h0w t0 0verc0me th15 pr061em and a110w d1rect 5tream1n9 0f the data wh11e h1d1n9 the prepr0ce551n9 5ta9e 1n the data tran5m15510n 5ta9e.
5tream1n9 w1th em6edded re0rder1n9
0ne ma1n advanta9e 0f the appr0ach pr0p05ed 1n [16] 15 that the data prepr0ce551n9 15 reduced t0 c0mput1n9 a permutat10n 0f the 5t0ra9e 0rder. Wh11e th15 fact pr0v1de5 0rder5 0f ma9n1tude 0f 1mpr0vement w1th re5pect t0 prev10u5 meth0d5, 1t w0u1d 1ntr0duce a 519n1f1cant de1ay 1n the data 5erver5 51nce they w0u1d need t0 5t0re a temp0rary c0py 0f the data and then perf0rm a red15tr16ut10n 0fthe data 6a5ed 0n the new 1ndex. 
d where n 15 the num6er 0f Data 5erver5 ava11a61e. We d15cu55 1n the f0110w1n9 5ect10n h0w t0 5e1ect a va1ue 0f n that y1e1d5 900d 10ad 6a1anc1n9 1n the data v15ua112at10n 5ta9e. 7w0 fundamenta1 eff1c1ency 155ue5 ar15e fr0m a d1rect 1mp1ementat10n 0f th15 5cheme:
(1) Perf0rm1n9 a 100p 6a5ed 0n the 1ndex 16 0n each Data 50urce 1nduce5 1ar9e de1ay5 51nce 1t re4u1re5 enumerat1n9 a11 the vert1ce5 0f 6 1n5tead 0f 0n1y th05e 0f the 10ca1 6r1ck 0f data 8.
(11) 7he c0mputat10n 0f the 1nver5e mapp1n9 16~ 0,j,k) 15 510w and 1t5 eva1uat10n f0r each vertex, even 1f 0n1y th05e 1n 8, 1nduce5 add1t10na1 de1ay5. 70 0verc0me the5e pr061em5 we take advanta9e 0f tw0 fundamenta1 pr0pert1e5 0f the 1ndex 16, der1ved fr0m the recur51ve 5tructure 0f the 2-0rder curve: Pr0perty 1. 7he traver5a1 0rder 0f the vert1ce5 1n a 6r1ck 8, 1nduced 6y the 1ndex 16, and c0mputed w1th re5pect t0 the 9106a1 9r1d 6, 15 the 5ame traver5a1 0rder 1nduced 6y the h1erarch1ca1 1ndex 15, c0mputed 10ca11y w1th re5pect t0 8. Pr0perty 2. 7he traver5a1 0f the e1ement5 at 1eve1 1 0f the h1erarch1ca1 1ndex 16 15 e4u1va1ent t0 a re9u1ar (n0n h1erarch1ca1) 2-0rder traver5a1 w1th 1nd1ce5 (1,j,k) hav1n9 1-1 61t5 t0ta1. Pr0perty 1 15 exp1a1ned 6y the fact that any 2-0rder curve 6u11t 0n 6 and re5tr1cted t0 8 15 e4u1va1ent t0 a 2-0rder 6u11t d1rect1y 0n 8. Pr0perty 2 15 111u5trated 1n F19ure 1, where the 119ht 9ray vert1ce5 0f 1eve1 1 are 1dent1ca1 t0 the tran51at10n (a10n9 x and y a1temat1ve1y) 0f the re9u1ar 2-0rder curve c0nta1n1n9 the dark 9ray vert1ce5 (th05e 0f 1eve15 up t0 1-1).
Pr0perty 1 a110w5 each Data 50urce t0 100p thr0u9h the data u51n9 the 10ca1 18 1ndex. 7h15 mean5 that we need t0 c0mpute the mapp1n9 18--~ 16. 7h15 mapp1n9 can 6e c0mputed eff1c1ent1y u51n9 the 1nd1ce5 (16j6,kh) 0fthe 6r1ck 8 w1th1n 6. N0te that 16,j6 • and k6 have 9-6 61t5 each. 70 perf0rm th15 tran5f0rmat10n we take 1nt0 acc0unt the 1eve1 0f re501ut10n 1 0f the vertex w1th re5pect t0 the 1ndex 15. 1n part1cu1ar, a vertex ha5 1eve1 1 1f 1t5 1ndex 15 5at15f1e5 the f0110w1n9 1ne4ua11ty:
We a55ume, 6y c0nvent10n, that 21=0. 7he f1r5t 1eve1 1=0 ha5 0n1y the vertex w1th 15=0. 7he 9106a1 1ndex f0r th15 vertex 15 ana1090u5 t0 expre5510n (1): 1 c =5(23(9-6) + 2 (16,jt,,k6) ) 7he 5ec0nd 1eve1 1=1 ha5 0n1y 0ne vertex w1th 15=1.7he 9106a1 1ndex f0r th15 vertex 15 16 = 23(9 -6) + 2 (16,J6,k 6) F0r the f0110w1n9 1eve15, the mapp1n9 15 
=(23(9-6) + 2(16,.~,k6112 ~-1 +(1 n -2 •-11
N0te that a11 the add1t10n5 are 6etween addre55e5 that d0 n0t 5hare c0mm0n 61t5 5et t0 1. 7heref0re they can 6e 1mp1emented a5 61tw15e-0R 0perat0r5. 51m11ar1y, the 5u6tract10n 51mp1y re5et5 t0 0 a 61t that wa5 5et t0 1. 7he d1a9ram 1n F19ure 3 5h0w5 the 61tw15e repre5entat10n 0f th15 mapp1n9 fr0m 18 t0 16. 7he fa5t eva1uat10n 0f th15 mapp1n9 a110w5 u5 t0 100p 0n1y thr0u9h the data 1n 8 1n5tead 0f the ent1re 9r1d. 7he pr061em rema1n5 that the mapP1n9 fr0m 18--* (16,j6 ,kh) 15 a 510w 0perat10n. We 0pt1m12e the 100p 6a5ed 0n 1~ u51n9 pr0perty 2. At 1eve1 1 we u5e three aux111ary var1a61e5 (x,y,2) that we 1ncrement, v1a a 100kup ta61e, f0110w1n9 the re9u1ar 2-0rder f0r a 9r1d 0f t0ta1 512e 2 ~4. 7he aux111ary var1a61e5 (x,y,2) a110w 6u11d1n9 the 1ndex (16,j6 ,kh) u51n9 the5e three ru1e5, where h =1-1:
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A9a1n, the5e are 51mp1e 5 h 1 f t 0perat10n5 w1th an eventua1 0 r 0perat0r t0 5et an add1t10na1 61t. w1th a d1fferent num6er 0f Data 5erver5. Each p01nt 1n the chart p10t5 the rat10n 0f the max1mum 10ad atta1ned 6y any Data 5erver (that 15 the Data 5erver that f1n15he5 1a5t) d1v1ded 6y the 1dea1 10ad 0f the perfect1y 6a1anced execut10n. 5ma11er rat105 mean 6etter 10ad 6a1anc1n9, w1th a m1n1mum rat10 0f 0ne. 1n 0ur 1mp1ementat10n, we atta1ned 0ne 0rder 0f ma9n1tude 5peedup w1th the u5e 0f the5e expre5510n5. 0n a 6r1ck 0f512e 5123 a 100p thr0u9h the data 1n 18 0rder w1th exp11c1t c0mputat10n 0f the 1nver5e mapp1n9 18---~ (16,j6 ,kh) re4u1re5 67.7 5ec0nd5 wh11e the 5ame 100p w1th c0mputat10n 0f (16,j6 ,kh) w1th0ut exp11c1t 1nver5e mapp1n9 re4u1re5 5.5 5ec0nd5. 51nce the c0mputat10n 0f 0ne t1me 5tep 0f the 51mu1at10n typ1ca11y take5 a few m1nute5, we are a61e t0 ma1nta1n the t1me 0verhead at a 1eve1 that d0e5 n0t apprec1a61y affect the perf0rmance 0f the 51mu1at10n
Data 5erver 10ad 6a1ane1n9
We take a 10ad 6a1anc1n9 appr0ach 6a5ed 0n 5tat1c data d15tr16ut10n [4, 19] where there 15 n0 data rep11cat10n and n0 c0ntent10n 0n a centra112ed a9ent that d15tr16ute5 ta5k5. 7he maj0r cha11en9e 15 t0 f1nd a determ1n15t1c way t0 d15tr16ute data 1n a way that 9uarantee5 900d 10ad 6a1anc1n9 f0r any re4ue5t w1th1n a 91ven 5et 0f 4uer1e5. 1n [4] there 15 a 5tudy 0n h0w t0 10ad 6a1ance the 150-c0nt0ur1n9 4uery f0r any va11d 150-va1ue. Rand0m data d15tr16ut10n [19] ha5 the advanta9e 0f n0t 6e1n9 5pec1a112ed f0r any part1cu1ar 4uery. F0r d1rect c0mputat10n 0f 150-5urface5 th15 appr0ach w0rk5 pr0per1y 6ut f0r 0ur type 0f 5pat1a1 4uer1e5 th15 appr0ach w0u1d re4u1re 1ar9e ta61e5 that track the actua1 10cat10n5 0f data e1ement5. A5 d15cu55ed 1n the prev10u5 5ect10n, we u5e expre5510n (2) t0 determ1ne the 1ndex 0f the Data 5erver that 5t0re5 a 91ven 610ck 0f data. 7h15 techn14ue a110w5 u5 t0 d15tr16ute the data even1y acr055 the Data 5erver5 and ach1eve5 10ad 6a1anc1n9 1n the 5tream1n9 fr0m the Data 50urce5 t0 the Data 5erver5. Unf0rtunate1y, th15 meth0d d0e5 n0t 9uarantee 10ad 6a1anc1n9 1n the rea1-t1me data acce55, when the Data C11ent5 perf0rm 5pat1a1 4uer1e5 (f0r examp1e f0r v15ua112at10n purp05e5). We have te5ted exper1menta11y a 1ar9e 5et 0f 5pat1a1 4uer1e5 t0 determ1ne the 10ad 6a1anc1n9 ach1eved 1n pract1ce.
F19ure 4 5ummar12e5 the re5u1t5 0f 0ur exper1ment5. A5 expected, the num6er 0f Data 5erver5 ha5 a maj0r 1mpact 0n the 10ad 6a1anc1n9 0f the 5y5tem. Even num6er5 0f Data 5erver5 5eem t0 y1e1d p00r 10ad 6a1anc1n9, w1th peak5 den0t1n9 un6a1anced d15tr16ut10n5 f0r mu1t1p1e5 0f 8 (1n 2D th15 w0u1d 6e mu1t1p1e5 0f 4). 7h15 re5u1t 5eem5 t0 6e due t0 the nature 0f the h1erarch1ca1 1ndex1n9 5cheme that 15 6a5ed 0n 5e4uence5 0f 5h1ft 0perat10n5, wh1ch are e4u1va1ent t 0 mu1t1p11cat10n5 6y p0wer5 0f 2. 1ntere5t1n91y, th15 61a5 rema1n5 even 1f we can dea1 w1th para11e1ep1ped data5et5 0f any a5pect rat10 u51n9 part1a11y empty 610ck5 wh05e 0verhead 15 rem0ved 6y c0mpre5510n 0r :the1r c0mp1ete rem0~,a1 1n the ca5e 0f empty 610ck5. 5ymmetr1ca11y, m05t 0f the 0dd num6er5 0f Data 5erver5 y1e1d a 900d 10ad 6a1anc1n9. M05t 0f the pr1me num6er5 y1e1d a near1y 1dea1 10ad 6a1anc1n9, a5 We w0u1d expect, 6ut there 15 an except10n t0 th15 ru1e. 1n pract1ce, we 5e1ect a tar9et ran9e 0f Data 5erver5 u51n9 the chart 1n F19ure 8 t0 5e1ect the cand1date that w0u1d pr0v1de the 6e5t 6a1anc1n9.
EXPER1MEN7AL RE5UL75
7a61e 1: 5y5tem perf0rmance f0r the rea1-t1me 5tream1n9 0f the e1ectr0n den51ty d15tr16ut10n fr0m JEEP Data 5erver5. We te5ted the perf0rmance 0f 0ur 5y5tem 6y creat1n9 a d1rect 5tream 0f data fr0m a runn1n9 51mu1at10n t0 a de5kt0p w0rk5tat10n that v15ua112e5 0ne t1me 5tep 0f the data wh11e the 51mu1at10n 15 c0mput1n9 the next 0ne. 7a61e 1 5h0w5 the perf0rmance re5u1t5 06ta1ned f0r three exper1ment5 c0nducted under rea115t1c c0nd1t10n5.
7he Data 50urce5 f0r 0ur exper1ment5 are the c0mpute n0de5 0f JEEP [5] , an a6 1n1t10 m01ecu1ar dynam1c5 51mu1at10n c0de 6a5ed 0n the p1ane wave meth0d. 70 dem0n5trate the 5ca1a6111ty 0f the 5y5tem we have 1ncrea5ed the re501ut10n 0fthe 51mu1at10n 6y data rep11cat10n. 1n part1cu1ar, we rep0rt t1m1n95 0f the c0mpute t1me 0f the 51mu1at10n (e4u1va1ent 51mu1at10n t1me) a55um1n9 11near 5ca1a6111ty 0f the 51mu1at10n c0de. Much 510wer runn1n9 t1me5 w0u1d 6e atta1ned 1f we where t0 1ncrea5e the actua1 num6er 0f at0m5 6e1n9 51mu1ated. 5tream1n9 the ent1re e1ectr0n den51ty f1e1d after each t1me-5tep t00k the t1me 5end 71me 0f7a61e 1.
7hree exper1ment5 were c0nducted w1th 1, 8, and 64 MP1 pr0ce55e5 re5pect1ve1y. JEEP wa5 executed 0n an 18M 5P 5y5tem w1th f0ur 332 MH2 P0werPC 604e pr0ce550r5 per n0de. 7he Data 5erver5 were 5tarted 0n an 561 w0rk5tat10n w1th 4 194 MH2 R10000 pr0ce550r5 and 1280M8 0f mem0ry. A render1n9 Data C11ent wa5 1n5tant1ated 0n a de5kt0p w0rk5tat10n t0 d15p1ay the data rece1ved.
7he Data 50urce5 tran5m1tted three 6yte5 (R68) f0r each 5amp1e 0f the e1ectr0n den51ty, re5u1t1n9 1n 384M8 per t1me 5tep f0r the 5123 v01ume. 7he t0ta1 5u5ta1ned 5tream1n9 thr0u9hput wa5 r0u9h1y 10M8/5ec 0n a netw0rk c0nnect10n 0n wh1ch we c0u1d mea5ure a max1mum 1dea1 6andw1dth 0f 20M8/5ec w1th 7CP 50cket5. 7h15 1nd1cate5 that the tran5fer t1me5 are ne9119161e w1th re5pect t0 the 51mu1at10n t1me5. M0re0ver, 0ur re0rder1n9 pr0ce55 15 n0t the 60tt1eneck 1n the data 5tream1n9 pr0ce55 and h19her 5peed netw0rk5 w0u1d y1e1d 6etter 5tream1n9 perf0rmance. H0wever, f0r 1mpr0ved perf0rmance 0n 5tandard netw0rk5, 50me type 0f data c0mpre5510n 6etween the Data 50urce5 and Data 5erver5 w111 pr06a61y 6e re4u1red.
F19Ure 5 Pr09re551ve ref1nement (1eft t0 r19ht) 0f the v01ume render1n9 0f the e1ectr0n den51ty d15tr16ut10n.
F19ure 5 111u5trate5 the Pr09re551ve render1n9 0f the 5123 data 5et. 7he t0ta1 e1ap5ed t1me t0 5tream the data fr0m the Data 5erver t0 the 511c1n9 c11ent and render the 1ma9e wa5 0.9 5ec0nd5 f0r a 1283 ver510n and 1.6 5ec0nd5 f0r a 2563 ver510n. 0n1y 4.7 5ec0nd5 were re4u1red t0 06ta1n the fu11 5123 re501ut10n data. 7he pr09re551ve re0rder1n9 0f the data at the Data C11ent5 pr0v1de5 add1t10na1 f1ex16111ty 1n 5tream1n9 5trate9y. 1nterrupt1n9 the data 5tream 6ef0re the ent1re data 5et 15 tran5ferred re5u1t5 1n an appr0x1mated repre5entat10n 0f the data that can 5t111 6e u5ed f0r render1n9. 1n c0ntra5t, truncat1n9 the data 5tream 1n a c1a551ca1 51n91e re501ut10n data 5tream pr0duce5 a near1y u5e1e55 1nc0mp1ete data 5et. 7heref0re, 0ur h1erarch1ca1 appr0ach pr0v1de5 the 51mu1at10n c0de w1th the added capa6111ty t0 determ1ne the max1mum tran5fer t1me c0n51dered accepta61e, and re4ue5t the Data 50urce5 t0 truncate the data 5tream when , unaccepta61e de1ay5 may 6e 1ntr0duced.
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We have pre5ented a d15tr16uted framew0rk f0r rea1-t1me 5tream1n9 and v15ua112at10n 0f 1ar9e data5et5 9enerated 6y 5c1ent1f1c 51mu1at10n5. We u5ed pr09re551ve render1n9 a190r1thm5 and para11e1/h1erarch1ca1 data 5tream1n9 techn14ue5 t0 reduce the 1atency 6etween the 51mu1at10n and the externa1 50ftware c0mp0nent5 11ke v15ua112at10n and ana1y515 t0015. 0ur 51mp1e 10ad 6a1anc1n9 5y5tem ena61e5 5ca1a6111ty t0 ar61trary 51mu1at10n 512e5 w1th0ut 1ntr0duc1n9 add1t10na1 c0mmun1cat10n c05t. We have app11ed 0ur appr0ach t0 a f1r5t-pr1nc1p1e5 m01ecu1ar dynam1c5 c0de and 5h0wed that 0ur 5y5tem a110w5 a u5er t0 m0n1t0r a11 the t1me 5tep5 0f a 1ar9e 51mu1at10n w1th ne9119161e t1me 0verhead.
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